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CHAPTER  CNE 


INTRODUCTION 


Since  1960  u/hen  studies  on  the  collisions  of  MeV  atoiric 
ions  mith  atoms  and  molecules  have  been  conducted*  the 
ion-molecule  collision  in  gases  became  a  subject  of 
interest.  Studits  of  ion-molecule  collision  in  a  high 
energy  range  can  improve  the  understanding  of  the  earth's 
atmosphere  as  well  as  the  formation  and  destruction 
processes  for  the  interstellar  molecules. 


Collision  between  fast  positive  ions  ana  gas  atoms  or 
molecules  are  responsible  for  the  detachment  of  electrons 
from  either  or  both  of  the  colliding  particles. 
C.L.Cocke  first  reported  the  study  of  low  velocity  highly 
charged  Ar  recoil  ion  production  for  fast  CI  ions  incident 
upon  an  Ar  target  gas.  Other  studies  followed  which  were 
aoditional  investigations  of  recoil  ion  production  by  fast 
heavy  ions.  This  and  other  processes  lead  to  the  formation 
of  singly-charged  and  mul tiply-char gea  recoil  target  ions. 


Until  the  present  mork,  no  published  measurements  of 
the  formation  cross-sections  cf  the  molecular  recoil  ions 
produced  from   light   molecules   (M  ^  20)   as   a   result   of 


collisions  evolving  heavy  ions  have  been  carried  out. 

This  uiork  addresses  the  measurement   of   the   formation 
cross-sections   of   singly-charged   (  C  H «   ,  C  H  _  ,  C  H  „  *  CH   * 

C+  )  and  doubly-charged  (Crl^    »  CM^+  ,  C    )   recoil   ions, 

q+   q+      q+ 
from   CH.   after  being  bombarded  »ith  1  MeV/amu  F,  Si,  and  C 

projectiles.    The   projectile   initial   charge   state.   and 

projectile   atomic   number   dependences   for   molecular   ion 

proauction  mere  investigated. 


This  thesis  is  divided  into  five  chapters.  The  first 
chapter  is  an  introduction,  the  second  chapter  mill  be 
devoted  to  a  review  of  some  of  the  previously  published  work 
that  been  directed  to  the  study  of  the  formation  of 
molecular  ions  from  methane.  In  chapter  three,  the 
experimental  apparatus  and  procedures  are  presented. 
Chapter  four,  presents  the  data  analysis  and  results.  In 
chapter  five,  the  summary  and  conclusions  of  this  work  are 
presented. 


CHAPTER  TWO 


BACKGROUND 


It  has  been  shown1  that  in  s  single  collision  when  a 
fast  highly  charged  ion  is  in  collision  u/ith  a  neutral 
target  species  it  may»  with  a  large  probability,  eject  a 
number  of  the  target  electrons  without  imparting  much  energy 
to  the  target  center  of  mass.  A  collision  sufficiently 
violent  to  produce  inner-shell  exitation  has  been  shown 
experimentally  to  be  still  gentle  enough  for  the  production 
of  slow  moving  recoil  ions. 

The  first  direct  observation  of  low  velocity  heavy  ions 
produced  from  the  bombardment  of  targets  by  fast  heavy  ions 
(>,MeV/amu  )  was  reported  by  Macfarlane  and  Torgerson. 
Following  this  work  Edwards,  et  al.  reported  the  direct 
observation  of  charged  molecular  fragments  as  a  result  of 
the  dissociation  of  diatomic  molecules  by  1  MeV  H+and  He+ 
ions . 


The  dissociation  of  methane  has  been  studied  since  1936 

o 

when  Smith  reported  the  first  series  of  mass-spec trometry 
studies  of  the  product  of  ionization  of  polyatomic  molecules 
by   low   velocity   electrons.    Since   that  time  most  of  the 


effort  has  been  concentrated  on  the  determination  of 
appearence  potentials  and  the  measurement  of  the  relative 
abundances  of  different  kinds  of  ions  produced  by  electron 
bombardment  of  polyatomic  molecules.  Since  CK  is  the 
simplest  hydrocarbons  it  was  a  subject  of  a  great  number  of 
studies    in    mass-spec trometry .     The   validity   of   Born 

approximation  for  molecular  fragmentation  from   methane   was 

q 
studied    by    Wexler    when    he   bombarded   CH^   gas   with 

sufficiently  high  energy  electrons  and  protons  of   the   same 

velocity.   An  interesting  review  of  the  investigation  of  the 

fragmentation  of  CH     by  various  types   of   ionizing   beams 

was   done   by   Reed.    Cross-sections   for  the  production  of 

singly-charged   molecular   ions    from    CH^   by    electrons 

bcmbaroment    C    from    20    to   2000   eV   )   was   done   by 

Adamczykt  et  al.   No  metastable   multiply-charged   molecular 

ions   from  methane  have  been  directly  observed  when  using  an 

2+ 
electron  as  the  projectile.   Doubly  charged  C  H  »    ions  first 

12 
observed   by   Spohrt  et  al .  using  the  ESCA  technique.   Using 

13 
charge  stripping  reactions  Ast»  et  al .  were  able  to   observe 

d-%   .    The   observation   of  CH_   and  C     resulting  from  the 

2+  14 

decay  of  CH,,   were  observed  by  Rabrenovic*  e t  al .  .Using  the 

time-of-f light   technique   for  the  ions  formed  in  a  gas  cell 

1  c 

filled  with  CH    Gray*  et  al.   were  able  to  make   the   first 

2+ 
direct    observation   of   CH     metastable   recoil   ion   and 

2+ 
indirect  observations  of  Cho   metastable  ions. 


CHAPTER  THREE 


EXPERIMENT 


C A3  Experimental  Apparatus  ; 

Negative  ions  were  extracted  from  the  sputter  or  the 
diode  source  and  accelerated  by  the  model  EN  6  MV  tandem  Van 
d«  Graaff  accelerator  at  the  James  R.  Macdonald  laboratory, 
Kansas  State  University.  A  schematic  diagram  of  the  tandem 
Van  de  Graaff  accelerator  is  shown  in  figure  1.  The 
Negative   ions  were  selected  according  to  their  momenta  by  a 

n 

20  inflection  magnet  and  accelerated  to  the  high  voltage 
terminal  set  to  the  proper  voltage  to  give  the  ions  the 
required  energy.  Electrons  from  the  negative  ions  were 
stripped  off  by  a  gas  stripper  at  the  terminal,  and  emerge 
in  various  positive  charge  states.  Positive  ions  with 
different  charge  states  were  accelerated  away  from  the 
terminal  giving  different  energies  depending  on  the  charge 
state  of  the  positive  ion,  this  energy  is  of  the  form 

E  =  (l+q)V 


where  E  is  the  ion  energy,  q  is  the  final         ion   charge 

state, and  V   is  the  accelerator  terminal  voltage.   The  high 

energy  ion  beam  is  directed  into   the   90   analyzing   magnet 

where   the  ions   with  the  required  energy,  mass,  and  charge 


Vf 


state  were  selected  according  to  the  rigidi  ty ,  ->  /H!£.    •    The 

q< 

present  measurements  required  high  energy  ions  with 
different  charge  states  and  the  same  energy.  A  thin  carbon 
foil  post  stripper  was  placed  between  the  analyzing  magnet 
and  the  switching  magnet.  After  passing  through  the  post 
stripper  foil  the  ion  beam  is  represented  by  an  essentially 
gaussian  charge  state  distribution.  Ions  with  the  desired 
charge  state  can  then  be  selected  by  the  switching  magnet 
and  oe  directed  onto  the  target  for  the  measurements  of  the 
molecular  ion  production  cross-sections. 

Since  the  Durpose  of  this  exoeriment  is  to  measure  tne 
production  cross-sections  for  molecular  ions  from  methane  in 
a  single  collision,  the  pressure  need  to  be  maintained  at 
Ioj  value.  The  pressure  in  the  target  gas  cell*  through 
which  the  fast  heavy  icn  beam  passes,  was  monitored  by  means 
of  a  capacitance  manometer.  fl  constant  target  pressure  was 
maintained  by  using  a  manually  controlled  leak  valve.  The 
target  gas  was  maintained  at  pressure  usually  between  0.1 
and  0.5  mTorr.  The  backgrounc  pressure  of  the  vacuum 
chamber  was  maintained  at  about  5x10   Torr. 


Molecular  ions  are  generated  when  collisions  between 
the  incident  heavy  ion  beam  and  the  target  gas  inside  a 
recoil  ion  source  takes  place.  The  development  and 
application   of   recoil   ion  sources  is  reviewed  by  Gray  and 


Fiqure  1:  A  schematic  diagram  of  the  Kansas  State  university 
6  MV  tandem  Van  de  Graaff. 
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Cccke.  The  recoil  ion  source  used  in  this  work  is  shou/n  in 
figure  Z.  It  consists  of  three  grids,  the  pusher  at 
potential  V  ^ ,  the  foucusing  electrode  at  potential  Vo 
(Vj>V2)  and  the  third  grid  is  at  ground  potential.  The 
potentials  V^  and  V~  were  typically  at  +1000  and  +965  volts 
respectively.  An  electric  field  at  right  angles  to  the 
extracted  recoil  ions  could  be  applied  to  steer  them  outside 
the  cell  by  two  sets  of  deflectors.  The  recoil  ions  then 
drift  a  distance  of  about  7  cm  before  entering  a  180° 
magnetic  spectrometer  of  focal  length  7  cm  .  The  ions 
passed  by  the  magnetic  spectrometer  are  detected  by  a 
channel  elate  detector  a  distance  of  about  7  cm  away  from 
the  exit  of  the  magnet,  see  figure  2.  Typical  spectrum  for 
a  scan  of  the  M/q  region  containing  the  molecular  ions  of 
interest  is  given  in  figures  3  and  4. 


To   reduce   interference   from   impurity   ions   in   the 
spectra,   a  methane  gas  of  purity  9  9. 99*  was  used.   To  check 

for  any  residual  gases  in  the  chamber,  a  background  spectrum 

?+ 
was   collected,   which   shows  that  M/q=S  is  totally  Q   ,  cut 

?+  TO 

not  CH7  .  The  percentage  abundance  of  the  C  contaminant 
isotope  is  1.11%  of  C  ,  the  ratio  of  CH+/C+  and 
CM^+/CT+were   considered   to   check   for   the  13C+  and   1^C2+ 


appearance . 


2+ 
The   Coulomb   explosion   of   N    insure   that 


2+        2+ 
observed  peaks  at  M/q  =  7  is  CH    not  N   .   Consider  the   case 


Fiqure  2:  Experimental  apparatus  with  detail  of  the  recoil 
ion  source. 
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Fiqure  3:  Typical  spectrum  of  singly-charged  molecular 
ions  from  methane. 
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Figure  4:  Typical  spectrum  of  doubly-charged  molecular 

ions  from  methane,  with  M/q=  6,  6.5,  7,  and  8 

r2+       ru2+    .    13n2+  ru2+        .   n2+ 
are  C   ,  CH   +   C  ,  ChL  and  0 

respectively. 
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for  a  fast  heavy  ion  incident  upon  a  diatomic  molecule.  Cur 
observations  in  an  experimental  configuration  as  described 
by   Needhair   for   the   resulting   atomic   ion  fragments  of  a 

diatomic  molecule  are  shown  diagramat ically  in  figure  5   for 

4  + 
19   MeV   F   incident   upon   N^ .    Similar   results  have  been 

measured  for  both  Do   and  CD^   target  gases. 

In  figure  5  the  arroa  indicates   the   position   of   the 


2  +  4  + 

N    atomic   ion  that  mould  result  from  F   •*  N, 


2  + 


We  observe  no  intensity  at  this   position   (  the  arroa  )   in 
the  2-dimensiona 1  spectrum  illustrated  in  figure  5. 

A  projection  of  the  intensities  for  the  left  and  right 
lobes  in  figure  5  would  produce  a  double  peak  structure  in 
the  magnet  scan  spectra  of  this  mark.  At  !*  /  q  =  7  uie  observe 
no  such  double  peak  structure  but  only  single  sharp  peaKs. 
This  means  that  our  observations  above  ensure  that  M/q  =  7  is 
Chi       and  not  HCT . 

Normalization  of  the  data  for  different  incident  ions 
was  achieved  using  Rutherford  scattering  of  the  beam  by  a 
thin  gold  target  placed  after  the  target  region.  The 
scattered  heavy  ions  mere  detected  at  90  uiith  resoect  to  the 
beam  direction.  The  data  in  each  channel  of  the  spectrum 
shown  in  figures  3  and  4  was  collected  for  a  predetermined 
number  of   events   detected   by   the   Rutherford   scattering 


16 


Figure  5  :  A  schematic  diagram  of  the  resulting  atomic  ion 
fragments  of  the  diatomic  molecule  N0. 
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detector.   A  surface  barrier  detector  was  used  to  detect  the 
scattered  heavy  ions. 

The  electronics  set  up  is  shown  as  a  block  diagram  in 
figure  6.  The  purpose  of  this  set  up  is  to  scan  the  recoil 
ions  for  different  projectiles.  The  scan  is  performed  by  a 
.iicgnetic  spectrometer,  where  its  coil  current  is  stepped  Dy 
a  programable  power  supply  which  is  controlled  by  a  program 
developed  at  Kansas  State  university  to  drive  a  C  A  M  A  C  module 
Digital-to-Analog  convertor  (DAC).  The  output  of  the  DAC 
provides  the  current  control  signal  for  the  magnet  current. 
The  scanning  procedures  are  as  follows: 

(a)  The  surface  barrier  detector,  which  counts  the  beam 
particles,  sends  a  signal  for  this  beam  flux  to  the  Up-Down 
(UP-DN)  counter  to  count  down  for  the  desired 
Q-count s/channel ,  which  is  set  by  the  program. 

(b)  At  the  same  time  while  the  UP-DN  counter  is 
counting,  the  scanned  recoil  ion  is  transmitted  through  the 
spectrometer  which  is  set  at  the  selected  current;  this 
transmitted  ion  is  detected  by  a  channel  plate  detector  from 
which  a  signal  is  sent  to  a  constant  fraction  discriminator 
CCFO)  module,  a  fast  signal  out  of  this  module  is  sent  to 
the  HEX  scalar,  from  which  sends  a  signal  to  the  PDP-11/34 
computer. 


19 


Figure  6  :  A  schematic  of  electronics  used  for  the  analyzing 
system. 
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(c)  After  the  UP-DN  counter  finishes  counting  the 
desired  G-counts/channe  1 ,  a  signal  is  sent  to  the  computer, 
and  this  channel  which  is  sent  by  the  HEX  scaler  to  the 
computer*  is  stored  in  the  multichannel  analyser. 

(d)  Then  the  computer  mill  send  a  digital  signal  to  the 
DAC*  this  signal  mill  be  sent  to  the  power  supply  which  in 
turn  steps  in  the  voltage  applied  to  the  magnet  coil  for  the 
scanning  of  the  next  channel,  and  so  on. 

C S3  Experimental  Procedures: 

In  order  to  perform  the  measurements  of  recoil  ion 
production  cross-sections*  several  important  consideration 
were  carefully  examined.   These  included: 

DRecoil  ion  source,  magnetic  spectrometer  and  detector 
alignment. 

2) Reproducibility  of  the  experiment. 

3) S t atistic s »  or  counts  taken  for  each  channel  of  the 
spectrum. 

4)Pressure  dependence. 


22 


5)counting  dead  time  corrections  and  minimization . 

The  alignment  of  the  experimental  apparatus  was  done 
using  a  small  laser  source  and  a  4  5mirror  as  follows: 

a)  The  recoil  ion  source  was  aligned  with  the  beam  line 
using  the  telescope. 

b)  Then  the  entrance  of  the  magnet  was  aligned  with  the 
exit  of  the  recoil  ion  source,  by  passing  the  reflected 
laser  beam,  which  was  reflected  from  the  surface  of  the  4  5° 
mirror  in  a  right  angle,  through  the  focal  point  of  the 
entrance  of  the  magnet, then  to  the  exit  of  the  recoil  ion 
source. 

c)  Then  the  exit  of  the  magnet  (main  radius  )  was  aligned 
with  the  channel  plate  detector  by  shining  the  laser  beam 
through  the  magnet  exit  to  the  channel  plate  detector 
entrance  . 

Now  concerning  the  reproducibility;  while  the  switching 
magnet  (S.M.)  was  set  at  the  optimum  beam  position,  we  did  a 
scan  of  a  spectrum  and  measured  the  integrated  peak 
intensities.  Then  the  position  of  the  S.M.  was  changed 
right  and  left  to  cut  the  beam  current,  this  cnange  resulted 
in  a  change  in  the  spectrum  integral  by  about  40%  or  more. 
The  same   test   was   done   with   the   vertical   high   energy 
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steerers  and  the  einzel  lens  which  resulted  also  in  a  high 
change  in  the  spectrum  integral.  To  get  rid  of  this 
problem*  or  to  have  an  experimental  results  u/hich  are 
independent  of  beam  fluctuation,  the  two  set  of  slits  in 
front  of  the  chamber  mere  aligned  with  the  recoil  ion 
source)  the  opening  of  the  slits  mere  much  smaller  than  the 
width  of  the  recoil  ion  source  entrance  apperture.  It  mas 
found  that  the  resolution  for  a  peak  was  strongly  affected 
by  the  height  of  the  slit  opening, so  to  imorove  the 
resolution,  decrease  vertical  height  of  slit  opening  was 
needed.  With  this  alignment  we  were  able  to  get  a 
reproducibility  of  about  10%  or  better,  independent  of  input 
beam  position. 

In  order  to  get  good  statistics  for  each  spectrum  we 
were  careful  about  having  the  area  under  the  smallest  peak 
of  the  singly-charged  recoil  ions  spectrum  of  about  10K 
counts,  and  about  2K.  counts  for  the  doubly-charged  one. 
With  the  channel  plate  detector's  grid  potential  at  +400 
volts  and  the  plates  each  at  -950  volts  we  were  able  to  get 
a  resolution  of  about  100:1  peak  to  valley  ratio.  Figure  3 
shows  this  resolution. 
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The  intensity  of  primary  recoil  ions  should  increase 
linearly  with  the  pressure*  P*  unaer  single  collision 
conditions.  Whereas  that  of  an  ion  formed  by  a  multiple 
collision  u/ould  increase  as  r  or  higher.  Figure  7  and  S 
show  the  yield  of  a  singly-charged  recoil  ions  produced  from 
methane  as  a  function  of  the  gas  cell  pressure*  the  curves 
appear  to  be  linear  below  0.43  mT.  Cross-section 
measurements  were  all  made  at  pressure  below  o.43  mT. 

The  system  dead  time  was  increased  by  increasing  the 
beam  current.  It  was  found  that  for  a  beam  current  >1  n  ft 
there  is  ebout  50%  dead  time  correction  for  the  highest  peak 
in  the  spectrum*  were  we  noticed  that  the  dead  time 
increases  with  increasing  the  counting  rate  in  the  peak.  ft 
dead  time  correction  of  aoout  SX  was  achieved  by  lowering 
the  beam  current  and  by  using  a  fast  electronics  for  the 
signal . 
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Figures  7&8  :  The  yield  of  the  singly-charged  recoil  ions  produced 
from  methane  as  a  function  of  the  gas  cell  pressure. 
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CHAPTER  FOUR 


DATA  ANALYSIS  AND  RESULTS 


As  beam  passes  through  the  target  gas  the  yield  of   the 


molecular  recoil  ions   Y 


m,q 


is  given  by : 


m,q     I    °m,q       *         > 


(1) 


where,  $ .  represents  the  total  number  of  incident  particlesi 
N  is  the  target  density  (thickness  of  the  gas  target)  in 
molecules/cm  »  ^  is  the  detection   efficiency!  60,  is   the 

solid   angle   of   detection  and  D~~    is  the  molecular  recoil 

m  ,  cj 

ion  production  cross-section  for  recoil  ions  with  mass  m  and 
charge  state  q. 


By  means  of  the  ideal  gas  equation,  we  can  relate  the 
thickness  of  the  gas  target  to  the  pressure  within  the  gas 
cell  in  the  following  equation: 


N  =  N 


P  L 
A  R  T 


(mol ecu  1 es/cm  ) 


(2) 


23 
where,  N=6. 025x10   molecules/mole  (Avogadro's  number),  P   is 

the   target   gas   pressure   in  units  of  mTorr,  L  is  the  cell 

length  in  cm,  R  is  the  universal  gas  constant  and  T   is   the 

temperature  of  the  target  in  unit  of °K. 
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For  one  mole  RT„=PV,  and  at  STP  P  =  760  mmHg  (760   Torr), 
V=22.4  liter  and  To=2730K.   Equation  2  becomes: 

N=6.025xl023molecules      P(mT)xL(cm)  273  °K 

A  X "" 


m0le      760xl03mTx22400cm3   T("K) 


mol  e 


13      273 
N  =  3. 539x10  JxPLx-^- 


(mol ecul es/cm  ) 


(3) 


using  this*  the  yield  of  the  recoil  ions  becomes: 

Y     =  G  $T  0"    P  (4) 

m,q       I  wm ,q  v  ' 

13  ? 

inhere,  G=3. 539x10  x  Lf  dfi   x273/T  ( molec ules/cm  .mT ) .    This 

normalization   constant   mas  obtained  by  measuring  the  yield 

of  N  e  recoil  ions  for  N  e  in  the  target  cell   at   pressure   P 

for     constant     experimental     parameters     using    the 

cross-sections  for  the   production   of   Ne   recoil   ions   by 

9+  4 

F   CI  MeV/amu)   which   was  measured  by  Gr ay »  et  al.  Figure  9 

9  + 
shows  Ne  spectrum  produced   when   using   F    as   projectile. 

Since   our   experiment   is   done   for   different   projectile 

species  with  different  charge  states*   a   gold   foil   and   a 

surface   barrier  detector  were  used  between  the  gas  cell  and 

the   faraday   cup   to   normalize   for    different    incident 

projectiles   using   Rutherford   scattering.    The  Rutherford 

scattering  cross-section  in  laboratory  coordinates  is   given 

by: 
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Figure  9  :  Ne  spectrum  as  a  result  of 


F9+  + 


Ne. 
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RAu(0)=1.296(Z1Z2/E)2 


csc2(0/2)-2(M1/M2)2    + 


mb/sr 


=    K(Z1Z2/E) 


(5) 


r    ? 

uiith  K    =    1  .296icsc    (e/2)    -    2(M,/M9)    + 

L  1      d 


Au 
where,  R   (Ojis  the  Rutherford  scattering   cross- section,   Zi 

is   the   projectile   atomic   numtjer,  L>  is  the  target  atoiric 

number,  E  represents  the  projectile  energy  C*eV),   anfl   ©  is 

the  laboratory  scattering  angle. 

The  yield  which   is   detcted   by   the   surface   barrier 
detector  is  given  by: 


¥r"  -*1    %  "5*"  d« 


R 


(6) 


where,  $ ,   is   the   total   number   of   incident    particles, 


N 


Au 


represents    the    gold    foil    density,  ^  is    the 

Rutherford  scattering  cross-section,  and   dfiR   is  the   solid 
angle  of  detection  on  the  surface  barrier  detector. 
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Equation  (5)  anc  (6)  give  the  total  number  of   incident 
particles: 


$ 


,Au 
R 


'    KA„  "<WElNaR 


(7) 


Using  equation  (4)  with  equation  (7)  die  get  for  the   Ne 
recoil  ions 


Ne 


q+ 


13      w,  1 
3.539x10      xL^dn        273  ! 
s -* x- 


NAu  K  Z^  dnR 


T 


J 


let 


G  = 


3.539xlQ13xL^  dft„  273 


LNAuK  Z2  d^R 


then 


NeM 


,Au 


R   uNe 


Gn« 


(8) 


Ne 


were  we  expect  here  the  temperature  T   to   be   approximately 
the  same  when  using  CH  .   or  Ne  as  the  target  gas. 

Table  1  lists  the  values  of  G'   for   the   different   Ne 

recoil   ions   which   was  measurea  by  using  equation  (8)  with 

4 
the  values  of   C7,  q+      Taking  the  average  of  these   values 

gives  the  normalization  G     used  in  this  work. 

Av 
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Table  1  :  The  values  of  the  normalization  constant  for  different 
Ne^  recoil  ions  (q=l-4) 
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Table  1: 


F9+  +  Ne 


q 

Ne 
0-q 

(cm  ) 

G 

1 

2 
3 

1 4 

1.3x10  iD 
4.5xl0"16 
2.2xl0"16 
1.3xl0"16 

19 
1.98xlOiy 

2.42xl019 

19 
2.44xlOiy 

19 

2.09xlOiy 

GAv-2.23xl019 
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Au 

In  equation  (8)  Y^  is  considered  to  be   the   Q-counts 

per   channel.    Then  the  cross-section  for  the  production  of 

Chp   (q  =  l»  n=0-4),  (q  =  2»  n  =  0,  1,2)   when   using   F    as   our 


beam,   and   (q  =  l,   n=0-4)»   (q  =  2»   n=0»2)  mhen  using  C 

q+ 

Si    as  our  beam,  mill  be 


q+ 


and 


YCH^  + 

(THq+  =   5 — 

n     (Q-counts/ch)  PCH   GAy 


(9) 


q+      q+       q+ 
E=19,12  and  28   MeV   for   F    ,   C    ,       Si      respectively. 

Teble   2   presents  the  measured  cross-sections  for  producing 

the  singly-charged  recoil  ions   CH*  ,   CH*  ,   CH*  ,   CH+  and 

+  q+ 

C  when  bombaraing  CH  with  C  projectile  (q=3-65,  and 
figure  10  represents  a  plot  of  these  measured  cross-sections 
versus   the  incident  projectile  charge  state.   Taole  3  and  4 

lists  the  measured  cross-sections   for   producing   the   same 

■  ,   .  q  + 

recoil   ions   mhen   bombarding   CH    with  F    (q=4,6-9),  and 

q  + 
Si    Cq=6»8-12)  projectiles  respectively.   Figures  11  and  12 

display    plots   of   these   measured   cross-sections   versus 

bombarding  projectile  charge  state.    These   show   that   the 

production  of  each  charge  state  of  recoil  ions  increase  with 

increasing  charge  state   of   projectile   in   agreement   mith 

earlier   work   for   the   production  of  atomic  recoil  ions  by 

1  4 

Cocke   and   Gray,  et  al.  .  We   observe   that   for   different 

q+   q+    q+ 
projectile   ions   (F   ,C   ,Si   )  in  the  same  incident  charge 

state,  the  molecular  ion  production  cross-sections  are  about 
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Table  2  :  The  cross  sections  for  producing  the  singly  charged  recoil 
ions  from  CH.  bombarded   by  Cq   (q=3-6),  E=l  MeV/amu. 
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Table  2: 


Cq+  +  CH, 


(fcu+     in  units  of  cm  / 
n 

molecule 

q 

Recoil    Ion 

C+ 

CH+ 

CH* 

CH3 

CH4 

3 

3.4xl0"17 

5.9xl0"17 

1.4xl0-16 

8.2xl0"16 

-15 

1.1x10     ° 

i 

4 

8.7xlCf17 

1.4xl0"16 

2.9xl0"16 

-15 
1.6x10     ° 

-15 
1.9x10   1D 

5 

2.3xl0"16 

3.4xl0"16 

Ifi 

5.8x10 

-15 
3.0x10     D 

-15 
3.3x10  i0 

6 

2.6xl0"16 

2.9xl0"16 

5.2X10"16 

-15 
2.2x10  1D 

-15 

3.3x10  1D 
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Table  3  :  The  cross  sections  for  producing  the  singly  charged  recoil 
ions  from  CH.  bombarded   by  F01   (q=4,6-9),  E=l  MeV/amu. 
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Table  3: 


Fq+  +  CH, 


q 

Recoil   Ion 

1         C+ 

i 

CH+ 

CH* 

CH3 

CH/ 

4 

8.2xl0"17 

l.lxlO'16 

2.0xl0"16 

7.4X10"16 

8.7xl0"16 

6 

2.0xlO~16 

2.6xl0"16 

3.7xlO"16 

-IS 
1.7x10  iD 

2.3xl0"15 

7 

2.9xl0"16 

2.8xl0~16 

3.9xl0-16 

-15 

2.0x10  i0 

-15 
2.6x10  1D 

8 

3.7xl0"16 

3.2xl0~16 

4.8xl0"16 

-15 
2.3x10  i0 

3.0xlO"15 

9 

i 

:                     1fi 
4.6x10     ° 

4.0xl0"16 

! 

5.8xl0"16  i 

-15 
2.6x10     ° 

-15 
3.5x10  1D 
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Table  4  :  The  cross  sections  for  producing  the  singly  charged  recoil 
ions  from  CH4  bombarded  by  Siq+  (q=6,8-12),  E=l  MeV/amu. 
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Table  4: 


Siq+  +  CH, 


ST*  +                   ? 

"CH   in  units  of  cm  /mol 
n 

ecule 

: 

q 

Recoil  Ion 

C+ 

CH+ 

CH* 

CH3 

zw\ 

6 
8 

1 

9 
10  1 

i 
ii ■ 

1 

i 

12  1 

I 

3.2xl0"16 
4.3xl0"16 

5.8xl0"16 

i 

7.9xl0"16 
9.9xl0"lb 
8.8  xlO"16; 

4.0xl0"16 
4.2xl0"16 
5.1xl0"16 
7.2X10"16 
5.9xl0"16 

7.4xl0"16  I 

1 

6.4xl0"16 
6.3xl0"16 
7.5xl0"16 
7.4xl0"16 
8.8xl0"16 
8.8xl0"16 

3.1xl0"15 

2.9xl0"15 

-15 
3.3x10  iD 

-15 
3.7x10  1D 

4.2xl0"15 

4.0xl0"15 

3.5xl0"15 

1 

i 

4.2xl0"15 

-15 
4.6x10  1D 

5.0xl0"15 

4.6xl0"15 

■ 

-15 
5.0x10 
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Figure  10  :  Cross-sections  for  producing 


C^+ 


CH  (n=0-4)  for 

n      ' 


+  CH.  vs_  projectile  charge  state  q. 
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Figure  11:  Cross-sections  for  producing  CH  (n=0-4)  for 
Fq  +  CH.  ys^  projectile  charge  state  q. 
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Fiqure  12  :  Cross-sections  for  producing  CH  (n=0-4)  for 

q+  n 

Si^  +  CH.  vs_  projectile  charge  state  q. 
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the  same  for  a  given  molecular  ion  species.  This  means  that 
ai  e  have  a  long  range  Coulomb  interaction  between  the 
projectile  and  the  target  molecule,  i.e  the  interaction  is 
not  affected  by  the  projectile  structure,  but  depends  on  the 
incident  projectile  charge  state.  Thus  we  can  consider  our 
projectiles  to  be  point  charges. 


Tables   5-7   lists   the   cross-section   for    producing 

q+    q  + 
doubly-charged  recoil  ions  from  CH.   uiith  incident  C   ,  F   , 

q  + 
Si    fast  ions,  respectively.   The  percentage   abundance   of 

13C    is      1.11%      of     12C,      which      means      that       1.11%      of     12C2  +  is 

2  +  2  + 

inseprable  from  CH    (M/q=6.5).   Measuring  CM    relative   to 

l2C2+we    found    that    Cq   and    Siq+  do    not    show    the 

2  + 
CH    fragement,   whicn   was   very   small    when    bombarding 

Q+  Q+        Q  + 

CH-  with   FH  .    This   means  that  when  using  C    and  Si    as 

the  projectile  beam,  me  dont  have  enough  statistics   tc   see 

2  + 
the  CH    species. 


Ch 


2  + 


Our   measured   cress-sections   for   the   production   of 
recoils   (n=0,l,2)  versus  the  projectile  charge  states 


C    i  f"   ,  Si^   are  shown  in  figures  13-15  respectively. 


For  a  comprehensive  understanding  of  the  q-dependence 
mechanisms  of  the  cross-sections  for  producing  the  molecular 
recoil     ions,      the      ratio  Uru+      '     0?u+        (n=0-3) 


ratio  Vqh 


'     °Ch! 
n        4 


nd  Sfu2+  /  5ru+       (n=0,l,2)   are   listed   in   table   8  and  9 


'CH 
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Table  5  :  The  cross  sections  for  producing  the  doubly  charged  recoil 
ions  from  CH.  bombarded  by  CT   (g=3-6),  E=l  MeV/amu. 
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Table  5: 


Cq+  +  CH, 


^CH   in  units  of  cm  /molecul 


q 

Recoil 

Ion 

1   e* 

of 

3 

2.1X10"18 

-20 
9.5x10  6KJ 

4 

:  4.1X10"18 

-19 

1.6x10  iy 

5 

1 

8.8xl0"18 

2.4xl0"19 

6 

9.5xl0"18 

-19 
2.8x10 
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Table  6  :  The  cross  sections  for  producing  the  doubly  charged  recoil 
ions  from  CH.  bombarded  by  P   (q=4,6-9),  E=l  MeV/amu . 
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Table  6: 


Fq+  +  CH, 


CH  in  units  of  cm  /molecule 
n 


q 

Recoil  Ion 

C2+ 

CH2+ 

CH2+ 

4 

7.2xl0"18 

-20 
3.6x10  ^ 

2.2xl0"19 

6 

1.7xl0"17 

6.0xl0"20 

5.2xl0"19 

7 

2.7xl0"17 

6.5xl0"20 

-19 
4.1x10  Iy 

8 

4.2xl0~17 

1.4xl0"19 

7.6xl0"19 

9! 

7.1xl0"17 

2.2xl0"19 

-19 

8.1x10  iy 
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Table  7  :  The  cross  sections  for  producing  the  doubly  charged  recoil 
ions  from  CH.  bombarded  by  Si^   (q=6,8-12),  E=l  MeV/amu. 
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Table  7: 


Siq+  +  CH, 


CH  in  units  of  cm  /molecule 


q 

Recoi" 

Ion 

cz+ 

CH*+ 

6 

i       -17 
i  2.1x10 

-19 
4.3x10  y 

8 

i 

!      -17 
!  3.9x10 

1 

-19 

5.4x10  iy 

9 

j  5.4xl0"17 

l 

-19 

5.0x10  iy 

10 

t 

:  7.8xl0"17 

-19 
6.9x10  iy 

11 

| 

i  l.OxlO"16 

-19 

7.7x10  iy 

12 

1.3xl0"16 

l.lxlO"18 
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2+ 
Figure  13  :  Cross-sections  for  producing  CH   (n=0, 

Cq  +  CH&     vs  projectile  charge  state  g. 


2  )  for 
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2+ 
Figure  14  :  Cross-sections  for  producinq  CH   (n=0,l,2  )   for 

Fq  +  CH.  vs  projectile  charge  state  q. 
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2+ 
Figure  15  :  Cross-sections  for  producing  CH   (n=0,  2  )  for 


Si"+  + 


CH.  vs  projectile  charge  state  q 
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respectively.    The   behavior   of   these   ratios    will    be 
described  in  chapter  5. 

Figure  16  shows  the  experimental  cross-sections  for 
producing  Crl  from  methane  versus  q  (q=3-12).  It  is 
expected  that  calculations  of  the  total  molecular  ion 
production  cross-section  by  fast  heavy  ions  based  upon  the 
first  Born  approximation  are  adequate  when  q  is  small  and 
the  velocity  v  of  the  projectile  ion  is  large.  But  in  this 
experiment  uie  consider  some  large  values  of  q  at  high 
velocity,   which  means  that  we  may  expect  a  breakdown  of  the 

Born  approximation  at  some  large  q.    It   was   suggested   by 

1 8 
McGuire   that   for   high   velocity   projectiles,  the  Glauber 

approximation  gives  better  agreement  with   the   experimental 

molecular  ion  production  cross-section  q-  +  than  the  simpler 


CH, 


1 


Born  approximation  calculations.  To  verify  this,  McGuire 
provided  theoretical  calculations  for  CTrLi +  using  Doth  the 
Born  and  Glauber  approximations.  The  molecule  CH*  was 
approximated  by  4  hydrogen  atoms  with  variable  binding 
energy  u,  and  atomic  radius  r.  The  choice  of  r=a,CBohr 
radius)  and  u=13.6  eV  was  used  in  figure  16  where  the  Born 
and  Glauber  calculations  are  compared  to  our  measured 
q-dependence  of  single  ionization  of  CH»  yielding  Cn'4  . 
While  both  approximations  predict  the  measured  trend  in  the 
experimental   data,   the   Glauber  approximation  is  in  closer 
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Table  8   :   The  ratios  0^+  /  0~CH+     (n=0-3) 

n  4 
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Table  8   :    (0^+  /  (TQH+  )  x  100 


12/16 


Si 


Si 


12+   18.6 


Si 


11  + 


10+ 


Si 


.9+ 


Si 


.8+ 


Si 


:6  + 


21.7 
15.8 
12.6 
10.2 
9.1 


13/16 


14.8 

12.8 
14.4 
11.1 
10.0 
11.4 


14/16 


17.6 

19.1 
14.8 
16.3 
15.0 
18.0 


15/16 


F9+ 

13.3 

11.5 

16.8 

75.0 

F8+ 

12.3 

10.6 

16.0 

74.3 

F7+ 

11.0 

10.7 

15.3 

76.7 

F6+ 

8.8 

11.5 

16.5 

73.1 

F4+ 

9.4 

12.0 

23.0 

87.0 

80.0 

91.3 
72.0 
71.7 
69.0 
88.0 


c6+ 

7.9 

8.8 

15.8 

63.6 

c5+ 

7.0 

10.3 

17.6 

90.9 

c4+ 

4.6 

7.4 

15.3 

84.2 

c3+ 

3.1 

5.4 

12.7 

74.5 
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Table  9   :   The  ratios  0^2+  /  (TI  +     (n=0,l,2) 

n  n 
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Table  9  : 


M  '  K 


6/16 


x  100 


6.5/16 


7/16 


.9+ 


-8+ 


.7+ 


.6+ 


.4+ 


2.1 
1.4 
1.1 
0.8 
0.8 


6.4x10 


4.7x10 


-3 


2.5x10 


2.6x10 


-3 


-3 


4.1x10 


0.020 
0.030 
0.020 
0.020 
0.030 


Si 


Si 


.12+ 


Si 


11+ 


10+ 


Si 


.9+ 


Si 


Si 


.8+ 


6+ 


2.5 
2.2 
1.6 
1.2 
0.9 
0.6 


0.022 
0.017 
0.014 
0.011 
0.013 
0.012 


.6+ 


,5+ 


,4+ 


,3+ 


0.3 
0.3 
0.2 
0.2 


0.009 
0.007 
0.008 
0.009 
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Figure  16  :  Experimental  and  theoretical  calculations  of  the 
cross  sections  for  producing  CH.  from  methane 
vs  q2  (q=3-12) 
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agreement  with  the  mesurements. 

In  figure  17,  a  plot  of  the  ratios  Cfu+  /  &F\\ +  <  n  =  0  -  3  ) 
are  shown  as  a  function  of  q,  while  figure  18  shows  the  same 
ratio  versus  the  velocity  v  of  the  projectile  when  using 
H+   on  CH     ClMeV). 

The  experimental  uncertainty  to  which  we  normalize  our 
data  was  about  202,  and  as  we  discussed  in  chapter  3  the 
reproducibility  w  a  s  .$  10  2  and  ~  5%  due  to  the  dead  time 
loses  for  the  highest  peak  in  the  spectrum.  These  together 
with  the  statistical  errors  in  the  area  measured  gives  an 
error  bars  in  our  results  of  the  cross-section  of  about  352. 
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Fiaure  17 


The  ratios  °CH+ 
n 


^Hj  vs  q  (q=l-12),  (n=0-3) 
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Fiqure  18  :  The  ratios  CH  /  CH.  vs  the  velocity  of  the 
orojectile  v,  for  H+  +  CH4  ,E=(1.0-11.0)MeV. 
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Figure  19:  The  ratios  TCJ-+     I   (EH+  vs  q  (q=3-12),  (n=0-2) 
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CHAPTER  FIVE 


SUMMARY  AND  CONCLUSION 


In  the  present  work,  a  systematic  experimental  study  of 
the  product  of  a  single  collision  of  a  fast  highly  ionized 
heavy  projectiles  with  C H .  gas  has  been  conducted.  The 
cross-sections  for  the  production  of  loiu  energy  recoil 
molecular  ions  with  different  projectiles  bombarding  CH  , 
in  a  recoil  ion  source,  were  measured. 


The  experimental  results  of  the  present  work  for  the 
production  cross-sections  for  CH*  molecule  by  fast  heavy 
ions  incident  upon  Ch  were  compared  with  theoretical 
calculations10  using  the  Glauber  and  first  Bern 
approximations.  This  comparison  for  the  production  of  CH 
can  be  seen  in  figure  16.  The  Glauber  calculations  are  in 
better  agreement  with  our  measurements  than  the  first  Born 
calculations.  The  agreement  between  theory  and  experiment 
suggests  that  the  cross-section  dependence  upon  incident 
projectile  charge  state, q,  for  producing  CH  is  of  the  form 
q  ,  where  n  ^  2.  We  conclude  that  CH  is  produced  by 
direct  Coulomb  interaction  with  the  projectile  as  is 
discussed  later  in  this  chapter. 
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Returning  to  figure  17  we  notice  the  following: 


(l)The    ratio     pru  +      /fcu+  (n=2,3)    for    C?    ^,+      and       Si 

L  n       L  H  „ 

n       4 
projectiles  is  independent  of  the  incident  projectile  charge 

state  in  the  range  q=3-12. 


fl+ 


(2)5ut  for  the  other  data  in  this  figure*   we   notice 
that  the  ratio  increases  with  q  but  not  faster  than  q<-. 

2  + 
Same  results  for  doubly  charged  recoil  ions   CHn  ,   are 

shown  in  figure  19.   These  are  the  first  direct  observations 

of  multiply  charged  molecular  ions   fragments.    It   is   not 

clear    that   the   projectiles   may   be   regarded   as   point 

particles  of  charge  q  in  these  cases.    The   trends   of   the 

fragmentation   ratios   of   Cl 


M         to  CH'   are  not  inconsistent 


'J 


with  the  singly  charged  data  above. 


The  physical  interpretations  for  the  above  observations 

1  8 
were  suggested  Dy  McGuire   .   Consider  two  distinct  types  of 

ionization  mechanisms: 

19  20 
(a)Final  State  Rearrangement  (R)  Mechanisms: 

McGuire  suggested  that  in  the  X^  +  CH4  collision, 
ion  fragments  other  than  CH.  are  produced  when  the 
electronic  cloud  of   the   target   molecule   readjusts   after 


production   of   CH,   by 


direct  Coulomb  interaction  with  the 
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incident  charged  particle.  Following  the  initial 
interaction  of  the  projectile  with  CH  ,  the  exited  CH 
ion  dissociates  tc  form  other  molecular  ion  species*  i.e 
CH_  ,  etc.  The  resulting  molecular  ions  are  assumed  to  be 
the  result  of  post  interaction  rearrangement  (R)  occurring 
in  the  final  state  parent  ion.  This  R  mechanism  is  due  to 
electron-electron  correlation  in  the  target  nave  function 
and  is  often  referred  to  as  rearrangement  (or  shake-off). 
In  the  R  mechanism  the  ratio  C5q^+  /'^CH+  is  independent 
of  the  charge  q  and  the  velocity  v  of  the  projectiles  as 
illustrated  in  figures  17  and  18  respectively.  Figures  17 
and  18  shorn  that*  CH3  ,  CH£  »  and  possibly  CH  are  produced 
in  a  shake-off  mechanisms.  The  data  for  CH  versus  q  dees 
exhibit  a  slight  q-dependence  suggesting  that  a  mechanism 
other  than  R  is  also  contributing  to  the  formation  of 
CH    in  the  initial  collision. 


(b)Direct  Collision  Mechanisms  (D): 


19,20 


McGuire   also    suggested    that    an    increasing 

dependence   of   the   fragmentation   ratios   on   q   could   be 

described   by   the   0   mechanisms    which    corresponds    to 

dissociation   of  the  molecule  via  direct  Coulomb  interaction 

with  the  projectile  ion.   In  the  0   mechanism   the   fraction 

ofCCH+  /  67H+<n=0,l,2   or   3)   varies   as   qm,   m>2   at  high 
n       4 

velocities.   This  means  that  the   cross   -sections   in   this 
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mechanism   are   approximately   described   by  the  second  Born 

approximation    or    $~r    +  ^  q    »    where    67..+    *s    q    »    n^    2. 

CHn  CH4 

We  note  that  in  theory  the  R  mechanisir  is  dominant  over 
the  D  mechanism  at  sufficiently  high  energies  or  high 
velocity  where  the  simple  Born  or  Glauber  approximation  plus 
rearrangement  works. 

Further  more»  in   the   D   mechanism   the   fragmentation 

ratios   are   predicted  to  decrease  uiith  increasing  v»  e.g  as 

-2 
v  .   Experimental   tests   of   this   prediction   are   now   in 

progress. 


Figure  17  show   that    rj-+   /  OTu"1"    varies   as 


q   or 


possibly   q  .    Since   this   ratio   increases  with   a»  this 

suggests  that  the  C  mechanism  is  significant.  We  note  that 

interference   between   R  and  C  mechanisms  can  be  linear  in  q 
at  high  velocities. 

Wexler's  test  of  the  Born  approximation  in  molecular 
ion  production  by  protons  corresponds  to  our  idea  of  the  "  R 
mechanism"  with  the  first  Born  approximation.  He  found  that 
the  production  of  both  CH  and  CH  obeys  the  simple  3orn 
approximation  but  this  was  not  the  case  for  the  CH  » C  H  , 
and  C  . 
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No  clear  explanation  for  the  decrease  in  the  magnitude 
of  the  molecular  production  cross-section  between  Ct-U  and 
CH  „  has  been  found  yet.  This  is  an  area  in  need  of 
acditional  investigation  both  from  experimental  and 
especially  theoretical  points  of  view. 


It  was  found  that  the  cross   sections   for   the   singly 

_i  c  p 
charged    molecular   ions   are   as   large   as   5x10   cm   for 

+         1?+ 
producing  CH     for  Si    ♦  CH    ,  and  remain  at  least  of  the 

-16  2 
order   of  10   cm   for  the  incident  projectile  charge  state  6 

for  the  same  target  when  producing   C    recoil   ion.    These 

large   cross-sections*   together   with   the   high  extraction 

efficiency  using  the  160  magnetic  spectrometer ,  leads  us   to 

believe   that   it   is   possible   to  use  these  recoil  ions  as 

projectiles  in  a  further   experiments   for   the   studies   of 

ion-neutral  target  reaction. 

Using  the  time-of-f light  technique  Needham  gave  an 
estimate  of  values  for  the  lifetime  of  some  of  the  reccil 
ions  produced  from  methane,  it  might  be  feasible  in  the 
future  to  conduct  an  experiment  for  measuring  lifetime  for 
these  recoils  using  the  magnetic  spectrometer  with  a  new 
recoil  ion  source  for  better  time  resolution. 
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ABSTRACT 

Measurements  of  the  production  cross  sections  for  singly 
and  doubly  charged  molecular  ions  produced  by  fast  heavy  ion 
bombardment  of  CH,  introduced  into  a  recoil  ion  source  have 
been  done.  The  cross  sections  have  been  measured  for  F,  Si, 
and  C  projectile  ions  with  the  energy  1  MeV/amu.  Measurements 
have  shown  that  cross  sections  for  producing  CH^  for  the 
projectile  charge  state  range  3-12  to  be  dependent  on  the 
projectile  ion  charge  state  and  not  on  the  projectile  species. 


